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The Fermi-Hubbard model describes a large variety of condensed matter systems with spinful fermions
and strong interactions. On the other hand, the Kitaev chain model deals with noninteracting spinless
fermions and produces robust ground-state degeneracies that give rise to Majorana bound states. In this
Letter, we connect these two domains by experimentally studying small arrays of quantum dots (QDs)
coupled via superconductors. Without a magnetic field, this system constitutes a Fermi-Hubbard model
with intersite superconducting correlations. Using two coupled QDs, we find sweet spots in parameter
space where we observe zero-bias conductance peaks that are robust against on-site perturbations of
the QDs, similar to the behavior expected of a two-site Kitaev chain. This observation is consistent with
the presence of Majorana Kramers pairs or Z; parafermions in this minimal system. Extending to three
sites, we find that the spinful system scales very differently compared to the spinless Kitaev chain.
When the same sweet-spot conditions are satisfied, the ground state degeneracy of the full three-site system
is lifted. The degeneracy can be restored by tuning the superconducting phase difference between
the hybrid segments, but the robustness against on-site detunings is lost. Our findings are a first step in
studying ground-state degeneracies in strongly interacting Fermi-Hubbard systems with superconducting

correlations.
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Introduction—The Fermi-Hubbard model is a funda-
mental model for strongly correlated electron systems,
capturing the competition between electron kinetic energy
and on-site Coulomb repulsion [1,2]. Despite its seeming
simplicity, the model exhibits a rich phase diagram [2,3].
This fundamental importance has motivated experimental
efforts to realize the Fermi-Hubbard model in controllable
platforms such as ultracold atoms [4], trapped ions [5], and
superconducting circuits [6,7]. Semiconductor quantum
dots are another natural platform, due to intrinsic strong
electron-electron interactions from on-site Coulomb repul-
sion [8]. Recent experiments have studied different aspects
of the Fermi-Hubbard model using small quantum dot
arrays [9,10].

Semiconductor quantum dots were also put forth as a
platform for a noninteracting model exhibiting topological
superconductivity—the Kitaev chain [11-14]. Recently,
short Kitaev chains were successfully implemented using
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small arrays of quantum dots coupled by superconducting
hybrid segments [15-18]. In addition to normal electron
hopping between quantum dots, the superconducting seg-
ments mediate Cooper pair splitting, effectively implement-
ing a p-wave pairing between neighboring quantum dots
[19,20]. Though the charging energy is the largest energy
scale in these devices [16], the effects of interactions are
minimized by a Zeeman splitting on the QDs, effectively
suppressing interactions between different spin species.

In this work, we combine these two research directions,
and study a superconducting extension of the Fermi-
Hubbard model using quantum dot arrays. We experimen-
tally implement short chains of quantum dots coupled by
superconducting hybrid segments, as used to implement
Kitaev chains [15,16,21], but in the absence of a magnetic
field. In this regime, the effect of electron interactions is
restored. This effectively yields a one-dimensional Fermi-
Hubbard model with an additional nearest-neighbor, spa-
tially odd pairing term. This model was recently shown
theoretically to feature peculiar ground state degeneracies
due to the interplay of strong interactions and super-
conducting pairing [22]. In particular, the two-site system
was predicted to exhibit a threefold degenerate spectrum
[22] where strong Z; zero modes emerge [23,24].

We implement devices with two and three interacting
sites on InSbAs 2DEGs with epitaxial Al and study their
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low energy conductance spectra. Our experiments repro-
duce the main theoretical predictions in Ref. [22]: a stable
ground state degeneracy is observed in the two-site chains,
which is lifted when adding a third site. Additionally, we
find in both theory and experiment that introducing a
superconducting phase difference allows to fine-tune also
the three-site system to a strongly degenerate configuration.
The striking agreement between experiment and theory
suggests that the quantum dot platform is well suited to
explore the interplay of strong correlations and super-
conductivity in extended Fermi-Hubbard type models.

The spinful QD chain model—A chain of QDs coupled
via superconductors can be described by a Fermi-Hubbard
Hamiltonian with an additional nearest-neighbor super-
conducting term:

Here, Hp = ), u;(n; 4 + n; ) models the QDs chemi-
cal potential y;, while Hy = ), U;n; yn; | models the on-
site. Coulomb repulsion. The superconducting segment
hosts gate-tunable Andreev bound states that generate
two virtual transport processes coupling the neighbor-
ing QDs [19,25-28]. Elastic cotunneling (ECT) facili-
tates hopping of an electron between two neighboring
sites. We model this process as Hgep = Y., tF1)
(C}L,TCH‘LT + CLCHI,U + H.c.. Crossed Andreev reflec-
tion (CAR), modeled by Hear = >, A (cf el -
cj icj +1,T) + H.c., facilitates an s-wave pairing interaction
via the creation or breaking of Cooper pairs.

In our devices the typical interdot coupling is on the
order of 20 pV, while typical charging energies are on the
order of 1-2 mV, making Coulomb repulsion the largest
energy scale (Fig. S1 [29]). We therefore consider the limit
U = oo for comparing experiments and theory. To capture
this, we project out the double occupancy restricting us to
an effective basis {|0),|1).]{)} on each QD. For two QD
sites a sweet spot is expected at y; = p, = 0 and 12 =
v2A(12) [30,31], where the ground state of the system is
threefold degenerate and hosts Majorana Kramers pairs
[22], which are stable against detuning of individual QDs.
Experimentally, we start by characterizing such sweet spots
in a two QD system and study the evolution of the low-
energy spectrum when adding a third QD.

Device and measurement setup—The device studied in
the main text is shown in Fig. 1(b), containing three
quantum dots and two superconducting regions. The two
SC strips (green) are connected in a loop and kept
grounded. An external magnetic field B, controls the
superconducting phase difference between the strips.
Andreev bound states (ABSs) are induced in the regions
proximitized by the SCs (Fig. S1 [29]). The energies of the
ABSs in the left and right hybrid sections are controlled by

the voltages V%S and Vfﬁs. Three large gates (red) confine
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FIG. 1. Model and device schematics (a) Schematic of the
nearest-neighbor interactions for two spinful fermionic sites
coupled via a superconductor. We assume here 7(%/) = ¢ =
I(TIYTJ) and AG) :A(Tll]) = —Ai"TJ) (sign due to time reversal
symmetry). In the U — oo limit, the doubly occupied state is
disallowed. (b) False color scanning electron micrograph of a
copy of device A. Two aluminium strips are connected via a
continuous loop with a radius of 10 pm (not drawn to scale).
Scale bar is 500 nm. (c) Schematic representation of the device,
highlighting relevant the parameters for theoretical simulations.

a quasi-1D channel. Narrow finger gates (blue) confine
three QDs and control their electrochemical potentials
(Vapi)- Each QD is probed by an ohmic lead, to record
the device conductance in two separate ways. Applied
voltages (V, V,, and V3) and measured currents (I, I,
and /) are used to measure the local differential conduct-
ance in each lead [G;; = (dI;/dV;)]. In addition, off-chip
resonators allow for measuring the RF-reflectometry
response, denoted S‘i (for details, see Methods and
Fig. S2) [29]. This signal is linearly proportional to the
device conductance in the regime of interest [32-35].

Results—

The two-site chain: After forming three QDs through
electrostatic tuning, we first focus on the coupling between
QD1 and QD2, keeping QD3 off-resonance. In this two-site
system, the simultaneous presence of ECT and CAR creates
a competition between different parity ground-states
[13,15,16,20,21]. ECT couples states with the same total
particle number, whereas CAR couples states whose
particle number differs by 2. Notably, this competition
exists also without an external magnetic field [36]. To study
this, we measure charge stability diagrams (CSDs) across a
single orbital in each QD. When ECT dominates, diagonal
avoided crossings are expected, as shown in an exemplary
measurement in Fig. 2(a). Control over VS&S affects the
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FIG. 2. The two-site sweet spot. Tuning the coupling between
QD1 and QD2, with QD3 tuned to a Coulomb blockaded regime.
(@) Exemplar CSD in an ECT dominated regime
[VXBS = —190 mV], showing four anti-diagonal avoided cross-
ings. (b) Exemplar CSD in a CAR dominated regime
[VS&S = —137.5 mV], showing four diagonal avoided crossings.
Examples were chosen to showcase the change in connectivity
can arise in all 4 quadrants of the CSDs. More general CSDs are
shown in Fig. S3. (c) Close up CSD of the bottom left quadrant, at
an intermediate value of V%S = —180.3 mV. (d) Energy level
diagram for the two parity sectors at the sweet spot. Coherence
factors have been omitted. (e) Tunnelling spectroscopy measured
when detuning Vgp, with Vgp, set on resonance. Colored
arrows correspond to transitions indicated in (d). Reproduction
of results in a separate device is shown in Figs. S5-S7.

underlying CAR and ECT processes, changing the CSD.
Moving VS&S by =50 mV, the CSD now only shows
antidiagonal avoided crossings [Fig. 2(b)], indicating CAR
has become the dominant process. This continuous control
ensures that, for each pair of resonances, a “sweet-spot”
exists where the avoided crossing disappears. There, zero-
energy modes are expected to arise that are resilient against
detuning individual QDs and protected to at least second-
order against detuning both QDs [22]. Zooming in on the
bottom-left pair of transitions and fine-tuning Vf«xll)ss’ we
find such a sweet spot in Fig. 2(c).

To understand the density of states, we consider the
energy level diagram of the effective model at the sweet
spot (1) = \/2A(12) | 4. = 0) in Fig. 2(d). The spectrum
is strongly degenerate, meaning all energy manifolds
feature a threefold degeneracy. This allows for single-
electron transitions from the ground states at three possible
energies, labeled by the colored arrows. We measure these
transitions through lead reflectometry of lead 1 and lead 2,
while sweeping Vp;, where the expected transitions can
be clearly identified [Fig. 2(e)]. Most trivially, we observe
excitations which disperse with Vgp,, denoted as E, (pink).
Second, we find a transition appearing only at negative bias
(blue). This transition, denoted E;, is a signature of the
presence of the triplet states (denoted |T)) in the even parity
subspace [36], breaking particle hole symmetry in the
conductance spectrum. Lastly, we find zero-bias conduct-
ance peaks (green) that persist when detuning Vqp;. This
reflects the zero-energy excitations (E;) between the
degenerate even and odd ground-states. The observed
energy level structure is consistent with the zero-field
limit of the magnetic-field evolution reported in [16],
where the excitation spectrum was tracked continuously
as time-reversal symmetry was broken. The many-body
interpretation presented here now allows us to identify the
zero-field degenerate ground-state excitations as arising
from Kramers pairs of Majorana modes, or more exotically
as Z; parafermions, as detailed in [22]. Unlike Majoranas
in the Kitaev chain, these are many-body excitations
and therefore not localized on either QD [22]. Such
localized Majorana modes emerge in the same system
only once a magnetic field lifts the Kramers degeneracy
[16]. Nevertheless, they are robust against perturbing the
chemical potential of either of the QDs (see Fig. S4).

Scaling from two to three sites: At finite magnetic
fields, the conditions giving rise to stable zero modes in the
two-site chain could be extended to obtain stable zero
modes in longer chains [12]. By satisfying the sweet spot
condition between all pairs of neighboring QDs and setting
all QDs on resonance, stable ZBPs are expected on the
outermost sites, which was recently demonstrated [17,18].
As shown in [37], this is not possible generally. A crucial
aspect of the strong degeneracy in our two-site system is
that the triplet states [denoted |T) in Fig. 2(d)] decouple
from the rest of the system [22]. This breaks down when
turning on the coupling to a third site, even when tuning
123 A3) to a sweet spot. To demonstrate this, we first
repeat the procedure in Fig. 2 for QD2 and QD3, with QD1
off resonance, to obtain a >3 =/2A23) sweet spot
(Fig. S4 [29]). With either of the outer QDs off resonance,
the remaining two QDs then host stable ZBPs. Next,
we bring all three QDs on resonance and perform finite-
bias spectroscopy measurements. Figure 3(a) shows RF-
spectroscopy measurements of S; and S5, when detuning
Vops- We observe that the ZBPs now split in energy as
soon as 6Vgp3 approaches resonance. This is in stark
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FIG. 3. Scaling from two to three sites. Measurements obtained -1 T T 1
with both pairs of QDs tuned to a sweet spot configuration. 20 0 20
(a) Spectroscopy of the left (8;) and right (5‘3) side of the device SVase (mV)
while sweeping Vps3. Once QD3 is on resonance, the ZBP on @) Gur (262h) 0 0?5 .
both sides is observed to split, indicated by the black arrows. 1 :
(b) Numerically calculated conductance for varying p5, with y; = S o5
4, = 0and r = \/2A. A similar behavior is observed: the ground- ‘E;
state degeneracy is lifted as p; approached 0. An interesting z 0
feature in the numerics is the negative local conductance of the %’ -05 .
excited state marked by the red arrow. This arises from a 44 IBZ=1_1'°“TI

dynamical blockade related to the triplet states |T) in the two-
site subsystem [36]. In the experimental RF signal we only
observe shifts in the amplitude and phase of the resonator
response, which always gives a positive relative value.

contrast to the two-site systems in isolation, which are
resilient against local perturbations (Fig. 2), as well as to
the behavior observed for three-site systems at finite
magnetic fields [17,18]. We find the behavior closely
matches the numerical simulations in Fig. 3(b).
Superconducting phase control: We now turn our
attention to the final tunable parameter, the superconduct-
ing phase difference. With two sites, this phase can be
gauged away and therefore does not affect the energy
spectra. This is no longer the case when a third site is added
[12,23,38,39]. To study the effect of this, we look for
ground-state degeneracies in the larger parameter space
around the V All%s and Vst values that corresponded to two-
site sweet spots. Sweeping all three QDs around their
charge degeneracy points simultaneously and varying both

VS%S and V/%)zs’ we first map out the conditions that give
rise to zero-bias conductance when ¢ = 0, shown in Fig. 4
(a). The “x” marks the point in parameter space where
ZBPs arise in the two-site systems in isolation. In accor-
dance with Fig. 3, there is no zero-bias conductance at this
point in the three-site system. We compare the measure-
ment to calculated conductance from the effective model,

-20 0 20
8Vis3 (mv)

(1.2 2.3) (8)

FIG. 4. Superconducting phase as tuning knob. To understand
where zero-energy modes arise in the full three-site system, a
larger parameter space is explored (procedure detailed in Fig. S8).
For each QD pair, sweet spot values are obtained, denoted as

5‘/2{35 = 0. Zero-bias conductance measurements are performed

upon simultaneously varying 6Vqp; versus sweeping Vf&s

around their sweet-spots. (a) Measurement obtained for
B, =4 pT, corresponding roughly to ¢ = 0. (b) We compare
this to a numerical simulation, where all  and all # parameters are
swept together, for fixed A. (c)—(f) We repeat the measurements
and simulations for B, = 15 pT (c), corresponding rouhgly to
¢ =n (d) and (e) B, = 11 pT corresponding to (f) ¢ ~ 1.82.

when all y; are varied simultaneously versus #(1:2) = ¢(2:3),
for fixed A2 = A(23)_ This does not directly correspond
to the experiment, where CAR and ECT are both affected
(nonlinearly) by the ABS voltages, but is expected to
qualitatively match the data. We find indeed the same
degeneracy structure in Fig. 4(b). Next, we apply a small
out-of-plane field B, through the superconducting loop
corresponding to a x phase and repeat the measurement
[Fig. 4(c)]. Interestingly, this results in a mirrored pattern,
matching well with the theory [Fig. 4(d)]. While at z phase
we still do not yield a degeneracy at the two-site sweet spot
parameters (marked by “x”), the evolution from Fig. 4(a)
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implies this should be possible to achieve when fine-tuning

the SC phase. Sweeping the phase for the degeneracy to

cross p; = 0 at 5VE:}’325) = 0, we arrive at the measurement

shown in Fig. 4(e). Theoretically, we find this corresponds
to the exact phase of ¢ = arccos(—1/4), shown in Fig. 4(f)
(see Methods). At this angle, the system in fact exhibits a
threefold (strongly) degenerate spectrum at the point ¢ = 0,
t =/2A. Going further, we find this point lies along a line
in the ¢ — ¢ parameter space, parametrized by

100 = \/=1/2cos(p) AL, (2)
For each of these points the systems spectrum is strongly
degenerate at 4 = 0. We include an expanded discussion of
the properties of these strong degeneracies in the End
Matter.

Conclusions—We have studied a superconducting exten-
sion of the Fermi-Hubbard model in short semiconductor-
superconductor hybdrid quantum dot arrays. For both two-
and three-site systems, we explore experimentally their
parameter space in search of ground-state degeneracies. In
the case of two sites, we find close agreement with the
predictions put forth in [22], which suggests that a strongly
threefold degenerate energy spectrum produces robust
Majorana Kramers pairs [30,31] or Z; parafermions at
sweet spots in parameter space. We identify these configu-
rations through the experimental observation of robust
zero-bias conductance peaks in this system. Notably, such
excitations can have applications in topological quantum
computing [24,40-42], but were typically so far only
predicted for more intricate physical platforms [43-51].
Whether our platform, hosting nonlocal many-body
Kramers pairs, has potential use in this context remains
a subject of further research. Upon extending the system to
three sites, we similarly find threefold ground-state degen-
eracies when sweeping the system’s larger parameter space
including the superconducting phase. A theoretical analysis
shows these to be consistent with strongly degenerate
spectra along fine-tuned configurations of the system.
In contrast to the two-site system, these degeneracies are
never robust against (all) on-site perturbations. We interpret
this as being consistent with previous predictions that
strong degeneracies in quasi-one-dimensional systems
are generally not robust against local perturbations
[24,37]. Given the close agreement between theory and
experiment, we expect our system to allow for quantum
simulation of larger systems beyond computational fea-
sibility. Extending the system to two dimensions, we
foresee the platform can be used for studying and under-
standing strongly correlated phenomena when subjected to
superconducting correlations.
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End Matter

Strong  degeneracies through control over the
superconducting phase—In Fig. 4 we have observed that
tuning the superconducting phase difference yields con-
figurations for which the degeneracy lines cross y; == 0.
When (- = /2A() = (the two-site sweet spot), the
phase at which this crossing occurs is ¢ = arccos(—1/4),
where the entire spectrum is found to be strongly
degenerate. We find that by allowing A7) # \/2¢(00),
there exists a whole line in parameter space for which the
spectrum 1is strongly, threefold degenerate. Fixing u; =0
and calculating the spectrum analytically (see Methods),
we obtain the condition for degeneracy to be

N R NN}

2cos(¢) (A1)
where A(12) = A3 and (12 = ¢23) " Along this line
[Fig. 5(a)], the Hamiltonian in Eq. (1) commutes with
both the fermion parity operator Pp =[[; (1 —2n;,),
and a Z;-parity operator P3=exp[i(27/3)3,;(n; 4 +2n; )]
[53]. The emergence of this commutator relation can be
understood from the point of chirality [24]. The 27 levels
contained in the low-energy subspace split into seven
distinct manifolds: three triply degenerate levels with
E <0, 1 nine-fold degenerate manifold at £ =0, and
another three triply degenerate manifold with £ > 0 (see
Methods). Ideally, a point can be found where the
strongly degenerate spectrum again gives rise to Majorana
Kramers Pairs or Z; parafermions, as obtained for the
two-site system in Ref. [22]. To assess this, we

numerically calculate the linear derivatives of the energy
splitting between odd and even ground states with respect
to the individual dot chemical potentials, 0, (Eeyeno —
Eoqa0) [Fig. 5(b)]. Doing so for all ¢, we find that the
ground state degeneracy is unaffected by changes of the
chemical potential of the central dot, p,, in linear order.
In contrast, the degeneracy splits linearly when varying
the chemical potential of the outer dots, y, ps, except for
two points where the coupling in linear order of
perturbation theory vanishes. Numerically these phases are
found to be at ¢* € {1.86,4.42} (cf. Fig. 5). To verify
this, we numerically calculate a perturbative expansion for
the ground state manifold when perturbed by any
pi(niy +n;y) [54], ie., local perturbations to the chemical
potential of one of the QDs. Since the perturbations
neither break parity nor time-reversal symmetry, we can
understand the system’s response by considering the

ratio 8Eqyen/0Eqqq Of the energy shifts E; — EEO) + OE;
induced within each parity sector. To linear order in py;,
we indeed recover the spectral insensitivity to changes as
OEcven(H;) = 6Eoqq(p;) at ¢f. Expanding to second order
in y;, we however find that the splitting at ¢ differs and
therefore breaks the degeneracy [Fig. 5(e)]. Consequently,
we will not be able to find Majorana Kramers pairs or
Zs-parafermion operators that are robust against local
perturbations as previously [22] for two sites. We note
that this is in line with previous conclusions for strong
degeneracies in chiral spin chains [23]. To conclude, we
consider the conductance signatures at two points along
the triply degenerate line [Figs. 5(c) and 5(d)]. While the
perturbative results suggest a splitting of the levels with
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the chemical potential, we find in conductance that this

splitting can become very small and not possible to
resolve due to broadening from temperature effects.
Experimentally, we indeed observe that a phase value can
be found where a seemingly robust zero-bias conductance
peak appears [Fig. 5(f)]. We want to highlight that this
behavior is not to be generally expected, but only along
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FIG. 5. Strongly degenerate ground states in the three-site

chain. (a) Analytical solution yielding ES3¢ = ESi" for the three-
site chain when y; = 0 [given by Eq. (A1)], resulting in a strongly
degenerate spectrum. (b) Derivative of the energy difference
between the odd and even ground states with respect to detuning
u. The derivatives vanish at two specific points. The significance
can be seen when comparing the conductance spectrum of
detuning 3 at (c) ¢ = and (d) ¢ = 1.861. The numerical
energy spectrum is overlaid in (d) to highlight that a small energy
splitting still arises at larger detuning of u;. (e) Perturbative
expansion of first order and second order derivatives, highlighting
that the higher order derivative does not vanish at the same ¢
value as the first order. (f) Measurement of S; when detuning
QDR, with the settings in Fig. 4(c), in order to compare with the
predicted spectrum (d). Repeated measurements for a range of B,
values is shown in Fig. S9 [29].
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